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DISPLACEMENT FUNCTIONS FOR OIATOtIilC MATERIALS*

D. Il. PARKIN AND C. A. COULTERt

University of California, Los Alamos Scientific
“Laboratory, Los Alamos, New Mexico 87545

We have used an extension of the methods of Lindhard ●t al. to calculate the total displacement
function ni.

—{
(E) fOr a number of diatomic materials, whez~i(E) is defined to be the ●veraqe

number of a oms of type j which are displaced from their sites in a displacement cascade initiat-
ed by a PKA of type i and energy E. From the nij(E) one can calcu!ate the fraction ~ij (E) of
the displacements produced bv a type i PKA with energy E which are of type j. Values of the
ri[j for HgO
mass ratios
two species
However, fo
are reached

on the disp
coma signif

I. INTRODUCTION

CaO, A1203, and TaO are presented. It is shown that for diat&nic materials with
reasonably near one (e.g., f190, A1203) and ●qual displacement thresholds for the
the ~ij become independent of the PKA type i at energies only a few times threshold.

larger mass ratios the ~i” do not become independent of i until much larger, energies

- e.g. > 105 eV for Tao. in addition, it is found that the rIiA depend sensitively
acement thresholds, with very dramatic charges occuring when t ● two thresholds be-

cantly different from one another.

A process of central !mportance in th~ study
of radiation damage effects in solids is the dis-
placement cascade occurring when an atom in ●

solid materiai is displaced from its lattice
site by an incident damaging particie and move
throL~gh the material producing additional dis-
placements. Poiyatomic materiais such as alioys,
insulators, and cer~mics piay significant roies
in many fusion reactor designs. Theoretical
damage functions that describe displacement cas-
cades in these materials, such as are avaiiabie
for monatomic materiais, have been lacking. Dam-
age functions are needed which can provide an
estimate of the performance of these materials
under fusion conditions by extrapolation from
accessible experimental situations.

Using various approximations, several authors
have investigated aspects of displacement cas-
cades in poiyatomic materials. The work of

Baroody [i], Andersen and Sigmund [2]. and
Hatsutani and Ishino [3] is of particular in-

terest for the present discussion. Baroody
~ssumad hard-sphere scattering, no electronic
energy loss, and the same displacement thres-
hold for each atom type, but ailowed each atoin

type to have a different mass. His primary con-
clusion relevant to this discussion is that the
number of type-i atoms displaced depends oniy
weakiy on the mass of atom 1. Andersen and

S@mund, using power-law cross aectione, neglect-
ing electronic energy 10ss in all actual calcu-
lations, and employing approximate solutionmeth-
ods, integratedtheirrecoildensityto obtaina

* Research supported by the U. S. Department of
Energy

f’ Permanent address Department of Physics, The
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displacement function for diatomic materials.

heir calculations were aimed at recoil ●ncr-
gies in the keV range and the case of widely
different masses of the constituent ●toms.

They gave ●n approximate expression for a dis-
placement function in which the number of type-
j displacements depends oniyon the ●nergy of
the PKA and not its type. Matsutani and Ishifio
calculated damage energies deposited in TaO by
● number of projectile atoms. They determined
the division of deposited energv between the Ta
and O sublattices using two di~ferent hypothe-
es concerning the manner in which this division
is made.

The results presented in this paper are a
small part of a iarger set of calculations [4,5)
●imed ●t developing a set of functions describ-
ing displacement cascades in poiyatomic materi-
●ls. The calculations, based on the work of
Llndhard et al., [6-U]use the simplest of binary

collision~oximat ions in which the material
Is ●ssumedto be random ;~nd ●morphous and no
simultaneous collisions of more than two atoms

●re considered. Our method proceeds by extend-
ing the basic integrod inferential equation of
Linh&rd et RI, to determine functions which

give dlr~formation about atomic displace-
ments as functions of PKA energy a,ld type stoi-
chlometry, atomic masses, displacement thres-
holds &nd binding cnergles for each atom type,
●nd capture (or replacement) thresholds for
each pair of atom types. One such function,
the totai displacement funct!on, is defined I-I
the ~t section; and certain of its properties
for various dlatomlc materials ●re discussed in

the remainder of the paper.



11.THEORV OF THE TOTAL DISPLACEMENT FUNCTION

The total displacement function nij(E) is de-
fined to be the average nunbcr of type-j atoms
which are at any time displaced from their sites
In a displacement cascade initiated by a PKA of

type I and initial energy E, with the convention
that niI(E) counts the PKA itself. The formu-
lation of the equation for nii(E) is most conven-

ient} c.lrrie~ Out in terms of ~ij ~ nil - bij

The function nij(E) is the number of type-j

●toms displaced other than the pKA (though for
the case of external bombardment by self-ions,
Ill I(E) !tself is the total number of displaced
atoms of type i).

In deriving the inteqradi fferential equation
for Ei.(E), it is convenient to make the follow-

{“ing dc Initions: (1) the specific electronic

stopping power (electronic energy loss pcr uniL
length per unit atom number density) for a mov-
ing atom of type i and energy E is denoted by

SI(E): (2) the probability that an initially
bound atom cf type j which receives kinetic en-
●rgy T In a collision will be displaced from
Its site as a consequence is indicated by ~j(T)J

(3) the binding energy which the type-j atom
Ioses to potential energy and/or in elastic proc-
●sses as it is displaced from its site is rep-
resented by Eb j and (4) th~ probability that a

type-1 atom Idft with en(rgy E after displacing
a type-J atum will be trijpped In the type-j site
Is denoted by Ai.(E).
Is used for the ~inenat IC energy transfer ef‘i’’a”y ’ ‘he ‘Ymbo’ “ii-
ciency 4A;Ai/(A; + Ai):’ for a collision of two

atoms”of ~yjes ; and’1. Usinq the method of
Ref. 6, one” obtains for iiij

‘{Pk(T)[6kj + iikJ(T

El the eauation

kEdT duik(E,T)

dT

-“ c~)l

+ [1 - Pk(T)lik(E-T)] :IJ (E-T)- Rij(E)l.

#lJ(E) IS the derivative of 6ii(E)l where fk

the atomic fraction of type - k atoms, and

dulk(E,T)

~

(1)

Is the dlrferentlal colllson cross section for

atoms of tvpcs I and k. In the calculations

d
e
L
I

.
scussed below the coil ison cross section and
ectronlc stopping power expressions of
ndhard et al. were used [7,8]. In addltlcn,

was as= that

I
O,T c Ed

Pk(T) =
k

l,T>E~ (2)

(3)

where Ed Is the displacement threshold for a

type-k ~tcm and E~~P is the capture threshold
for atype-iatom ina type- site, defined to be

the limiting residual energy of a type-i atom
after it has displaced a type-k atom below

which it will be trapped in the type-k site. In
the calculations described belo~ it was assumed
tl,at E! = O, that E~~p = E!, and that Ef~P =

(,ZEf)/2 for i # k.
in dny case quilJE)

The dependence of n

on the Ef~P for i # k is
smali for all physically reasonable values of
E:ap,

&ne of the importar,t damage parameters for
insulations and ceramics is the distribution of
damage among the various sublattices of atomic
typer. The fraction of the total displacements
produced by a PKA of type I which are of type j,
excluding the PI(A, Is

(4)

The paramtert ~ij describes how the initial PKA
energy becomes distributed on the sublatt ices
as displacement. The following section discuss-
es the values of rl. IJ which we have calculated
for a number of materials.

Ill. RESULTS FOR DIATONIC HATERIALS

Calculations of the total displacement func-
tion ni. have been made using parameters appro-
priate ~or TaO, AIz03, llgO, and CaO. For these

materials wc have examined the role of mass
ratio and of the magnitude of the displacement
threshold, as well as the effect of having equal
vs. unequal displacement thresholds for the two
atcmic species. The results of these calcula-

tions are discussed below as representing typ-
ical cases, but they should not be interpreted

as Indicating the full range of effects which
can be found in dlatomic materials. In fact,

the results given here plus many other calcula-

tions we have performed show that the inter-
related roles of energy, atomic masses, blndlng

energies, displacement and capture thresholds,
and stuichlometry make derivation of completely
general conclusions about displacement thresholds
in polyatomic materials extremely Ulfflcul!.

The simplest case to consider Is that of a

mess ratio near one and equal displacement
thresholds. fleasurements of the displacement

thresholds for Hg and O In flgO have shown them
to be slmllar: Chen et al. [q] measured the

threshold for oxygen ~60 eV, and Sharp and
Runmby [Io] measured that for magncslum to be
6422 eV. Figure 1 shows values of rlll for
M O whl h we have calculated assuming
E~g = E!= 62 eV. Near threshold It Is seen
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Fig. 1. The fraction nij of ti:pe-j disp
ments produced by a PKA of type i in MgO
(Hg= 1, 0 = 2) assuming E? - E! = 62 eV,

ace-

that all displacements arc on the sublattlce of

~toms of the same type as the pKA, as is re-
quired by kinematics. At energies only a few
t[mes this threshold, however, there is a uni-

form distribution of displacements betweenthe
two sublattices. In fact for E ; 4 E!, r]ij ~: ni

(Independent of i), Thus the fraction Ofntype-

J displacements bczomes independent of PM type
for energies not too far above threshold, and

nl > tlz In this range. Experimental measure-
ments of displacement thresholds in AI?O, ln-

dlcate that aluminum and oxygen Ions have
different threshold energies in this material.
Compton and Arnold [11] measured a threshold
energy that corresponded to either N 40 eV for
aluminum or “J 70 eV for oxygen. phil lips [12]
has suggested that the thresholds are 18 eV for
Al and 72 eV for O, UC present results for two

sets of calculations for AIz03. In Fig. 2 we
have assumed E! = [~ = 60 eV, similarly to the
case of /4gO; and we have used Phillips values in
Fig. 3. The equal-threshold results for AIz03
shown in Fig. 2 are very similar to those for

r- -“~
A1203(60,60)

1
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Fig. 2. The fraction nlj of type-j displace-
ments produced by a PM of type I in AIzOI

(Al _ 1, 0- 2) assuming E? = E!= 60eV.
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Fig. 1. The fraction nlj of type-j displace-

ments produced by a F’KA of type i in A1203
(al _ 1, 0 m 2) assuming E! = ~f e’~,
E2 - 72 evc

MgO In Fig. 1, with one Important exception:

the relative magnitudes of the ~ij are reversed,
and r12 > qI. Examination of the values of ~ij

shows that this behavior can be explained by
the difference in stoichiometry. However, the
AIz03 results for unequal displacement thres-

holds In Fig. 3 shows verv different behavior
than those of the equal-threshold case of Flq. 2.
An oxygen Pm recclving energy at Its displace’
rnent threshold can easily displace alumlnum
atoms. As a result, it displaces more aluminum
atoms than oxygen atans, and rIZ1 + I and corres-
pondingly r122 + 0 at threshold. The larger
fraction of displacements Is now associated
with the atom’ ‘with the lower threshold energy,
not the atom of higher mass or atomic fraction.

For energies high enough so that ~ij ~ r~j in
Figs, 2 and 3 It Is found that the nlj(’?) scale

rather closely as E!, and consequently ratios

of the nl scale approximately as ratios OF

displacement thresholds.
TaO Is a case of a material with rather wldeIy

different masses of the constituent atoms.d
Calculated results for TaO assurnlng E? = E, =

60 eV are given in Fig. 4. The fact that no
dlsplaccmcnts can occur on the type-J sublattlce

Y
for type I PKA’s until E ~E /HljP or 201 eV

for I + J, IS clearly seen. The most striking
feature of these results Is that only at very
high energies (E > 19SeV) Is It reasonable to
consider that V]j $ n..

{To illustrate the e feet of a change in the
magnltudc of the displacement threshold, results
are shown for TaO In Fig. 5 with E! = C! = 1 eV.
By comparison with Fig. 4 It is seen that the
strong energy dependence of nl
weakly affected by the value o

+ :;::~: I:,SO:IY

given In FI . 5 are the results of Ma sutanl

!and lshlno 3? for the damage energy fractions
[n T&O. They display t+e semc qualltatlvc bc-

havlor as our results, and Ilc wlthln thr range

.
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Fig. 4. The fraction ~~J of type-j displace-
ments produced by a pu of typ~ i In Tao
(Tam 1, 0=2)assumlng E$= Ez =60 ●V.
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Fig. 5. The fraction tl~j of type-l displace-
ments rzroduced by a PK4 of type i in TaO
(la = 1, 0 = 2) assuming E! = E: I eV, and the
fractional damage energy dlJ for TaO from Ref 3.

of values of our hi] obtained for the two dif-
ferent displacement thresholds.

A surrrrrary of results for the rIlj at E =
10’eV Is given In the Table for several mate-
rials and sets of displacement tnreshold. It

can be seen that for the equal-displacement
threshogd case the high energy values of the

nl
i

●re only weakly dependent on mass ratio.
Th s result IS consistent with the conclusion

of 9aroody (1] mcntloned earner, though It
sbuld be noted agaltl that he assumed hard-
sphere scattering and neglected electronic
energy loss while our results use more real lstlc
cross sections and include electronic energy
loss.

The three cases given for TaO show that the
Ilmltlng values of rll

i
are only weakly depen-

dent on the val:c of he Ed, with a factor of

4
~he tl,j by onlyIOJ charge In E altering

20-40 %. Cl-r y this dependence should not be

1

Important for small charges In E . It is found

that for energies large enough s that nlj ~ ITj

Table I
Values of rIII For Several Materials and Thres-
hold Energl&%

nll

0.58

0.63

0.71

0.73

0.42

0.16

0.52

0.55

012

0.42

0.37

0.7.9

n.27

o.s~

0.84

0.49

0.45

T12I

TaO (1, 1)

0.59

TaO (60,60)

0.66

TaO (1000,lOOf))

0.73

----- ---

M203 (18,72 )

0.73

A1203 (60,60)

9.42

‘1203 (72~18)

0.16

. . . . . . . .

MgO (62,62)

0.52

---- ----

CaO (60,60)

0.55

rlzz

0.41

0.34

0.27

0.27

0.5R

0.84

f).4q

0.45

the ~II(E) scale less well with E? ll~an in the. . .
case of A1z03, where the mass ratio Is nearer
one.

Our results for mass ratios near one are con-
sistent with the conclusion of Andersen an~
Sigmund that for energies In the keV range the
number of type-j displacements Is independent of
PKA type. However, for wltfely dl’ferent masses
this Independence only occurs at a much higher
energy, a behavior also Indicated by the damage
energy results of Ref. 3. This difference be-

tween our results and those of Andersen and
Sigmund IS not unexpected be:ausc of differences
In basic as’,umptlokns and because of the approx-
imate soluilon methods used In Ref. 2.

IV CONCLUSIONS

Although coinpletely general conclusions @n-
not be drawn from tha above results, several
observations can be made that ●re of Importance
to radlatlon effects studies. For all the cases
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?f Mass ratio nar one
, the fraction

mt becanes independent
E~4E4. (The absolute

of ty~e-l dis~lace -
of P& t~pe for
v;~iue of n, : does

de-&nd h the PKA type, with the hed~ler atom
baIngmre efficient in producing displace-
ments). These facts imply that for fast neu-

tron Irradiation of such materials the dis-
trlbution of displacements on the sublattices
will depend on the stoichiometry, and on the

neutron energy through the relative neutron
s-ttering cross sections of the constituent
●tcms. For Iarae mass ratios the distribution
of displacements will have an additional de-
~ndence on the neutron energy, arising because

the distribution of displac=ents on the sut-
lattlces does not become independent of PKA

type until much higher PKA energies are reach-
ed. The total picture of radiation effects in
~eran)ics and insulators must include infor-
Iration or electronic effects as well as dis-
placement effects. However, it seem reason-
able to conclude that, based on the results
stated above, the question of simulation of
fusion reactor damage must include consider-
ation of the material parameters as well as the
properties of the radiation source. What is
● reasonable simulation environment for one

uuterial may not be for another.
Of the various input parameters used in the

calculations, the displacement thresholds have
the largest effect on the results, with the
influence of unequal displacement thresholds on

distribution of displacements being very pro-
nounced. In addition co tne apparent unequal

displacement thresholds in A1z03 already dis.-

. . [13] have reportedcussed,Crawford et al
nwsuring three dlstil~ct displacement thres-
holds In HgA, zOb. There is then a possibility

that many rnattrials of interest to the fusion
conrnunity will fall in the unequal threshold
use; and if so, this will have a impact on
radiation effects studies.
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cormlata of computing the amplitude and phase of the bac,b.scattered rays and

conblning them to determine the backscatter intensity.

Several backscattered rays are illustrated in Pig. 6. Backscattered ray

A’ arises from an interference between an axial ray reflected.from the left

tildeof the sphere and a ray which passes through the sphere and is reflected

from :he right face of the sphere. This interference can be either construc-

tive or destructive, depending on the optical pat:llength through the sphere,

BackScattered r~ys B’ and C’ are called “glory rays” and arise from rays

refracted into the sphere and then internally reflected one or more times.

For dielectric spheres with relative refractive indices similar to those of

biological cells (m = 1.01-1.03), glory rays must undergo two or more internal

reflections to contribute to the bac!cscattering (21). Another contribution to

the backscattered intensity is from surface waves which cannot be treated by

geometrical optics. These waves travel along the surface >f the sphere and

lose some of thetr energy by refraction into the sphere. These refracted rays

may be reflected internally and contribute to the backscattering.

A biological cell obviously is a much more complicated scattering object

than a simple transparent or semitransparent sphere. The ❑easurements pre-

sented here are only near b=ckscatter angles (176° ~ 1°) and represent the

maximum backscattered, intensity from a cell as it enters, is imnersed, and

leaves the laser beam. Nevertheless, these preliminary results indicate that

backscattering from particles and biological cells is at least a monotonically

Increasing function of cell size over a wide range of particle sizes and over

a more limited range of eel’ sizes.

-7-
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TABLE 1. Mean scattering angle at the center of each rin~ (parameter) and the

polar half-angle subtende - by a cell at each ring for a cell-to-detector di.:ance
*

of30mm

Parameter Number Mean Angle (“) Polar Half-Angle Subtended (0)
— —

1 0.00 ~ 0.07

2 0.28 + 0.06

3 0.43 + 0.06

4 0.58 + 0.G6—

5 0.74 + 0.06

6 0.39 ~ 0.06

7 1.10 + 0.07

8 1.20 +’0.07

9 1.40 + 0.08

1(3 1.60 + 0.09

11 1.90 ~o.lo

12 2.40 + 0.1.3

13 3.10 ~ 0.17

14 3.50 + 0.20

15 4.00 + 0.22

16 4.50 + 0.26—

17 5.10 + 0.29

1.8 5.70 + 0.33

19 6.50 50.38

2(? 7.30 “ ~ C.42

21 8.20 + 0.47—

22 9.20 + 0.50

23 10.30 + 0.51

24 11.60 + 0.51

25 12.90 +0.70 “

26 14.40 + 0.75—

27 176.00 + I.Or!

—— — —— ——. ——

*
Tlw angles have been corrected foi refraction effects of the hnm thlclc

qualt? wlnd:)w having an inside face 7 mm from the cell.
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TABLE 2. Mean ecattered iight intensity (channel number) as a function of scattering angle for a series
*,**

of forward scatter angles and a backscatter angle

Sphere Size c. v.
Angle (0)

Identification (m) (%) 0.43 0.58 0.74 0.89 1.1 1.2 1.4 1.6 176

5C, black 5 1.1 44 34 41 36 46 53 6?. 74 68

42C, clear 10 1.3 92 97 130 114 123 131 133 132 89

32C, flu~rescent 10 1.3 102 96 133 117 129 136 140 141 101

37C, clear 12.5 1.3 125 122 i66 143 150 148 138 122 115

44C, clear 15.7 1.3 145 142 183 154 152 133 101 43 120.

38C, puiple :5.8 1.2 173 166 206 171 157 115 42 93 126

*
The spheres

**
The volume

were obtained from Particle Technology, Inc. (19).

coefficients of variation (C. V.) were taken from the manufacturer’s specifications.



TABLE 3. Location of the first diffraction minimum as a function of particle

size for the microsphcres listed in Table 2

Diameter (pm) a e~r, (0)
——

5 33 6.67

10 66 3.33

12.5 8? 2.68

15.7 104 2.11.

19.8 131 1.68

.
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Fig. 1. Schematic drawing of the multiangl.e light-scattering flow system.

The beam from a 5-mW heliumneon laser is focused by a spherical lens to a

50-llmdiameter spot at the center of the flow chamber where it intersects the

flow stream. A cell passing through the laser beam scatters light onto the

forward scatter detector array over a range of angles from 0-14.4” and onto

a backscatter detector where ~1 = 2° and 62 I=4“ i-othat the backscatter angle

is X76 ~ 1°.
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FIB. 2. Clusters of scattered light patterns from a mixture of lC- and

12.5-Bm diameter spheres, The 10-pm diameter spheres scatter less light between

the parameter numbers 3-6 (0.43-0.89°) where the scattered light intensity

la dominated by diffraction.

-16-



.’l-le

-“.,. m
. t--
“’.x
‘. a

... ...

.:
,,

,.
..

. . ..,,

.. ..

.,

......... .-.-a . . . . . . . .

......................

.............. .......

... ..................

......................

......................

.............. ... ...!

........... ....... ...1

........... ....... ...!

.................. ...!

125. JU

......................

,.

.................. ...4

......................

.. . .

.... ..................

,.

......................

.

......................

......................

.......................

............. ..... ....

... ..................

................ ....

........... ..........

.................. ...!

.
..................... .

......................

..................... .

......................

.............. .. ......

.’

......................

............... ......

................ ......

......................

..

............... ......

6. 11 26 31

..................... .

......................

...... ......... ... ...

.............. ........

.....................

. ....................

....... .............

.....................

..

......................



Fig. 3. Pulse-height histogram of number of particles vs scattered light

intensity (three decade log scale) for 10-m diameter particles (row A) and that

for 12.5-pm particles (row B). Column one is for forward scatter at 1.2°, and

column 2 is for backscatter at 176° with respect to the laser beam axis.
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Fig. 4. Forward and backscatter pulse-height histograms of number of

cells V9 scattered light intensity (three decade log scale): (row A) heparin-

ized mouse peripheral blood; (row B) mouse bone ❑arrow cells; and (row C) muse

bone marrow cells in which the ery:hrocytes have been lysed with NH4C1.
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Fig. 5. Collection of pulse-height histograms from mouse bone marrow

cells as used for Fig. 4B: I = intensity of scattered light (three decade 10g

scale); f3= scattering angle given in Table 1, and N = n~ber of cells.
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Fig. 6. Tracing of backscattered light rays for a transparent dielectric

sphere in which the index of refraction of ~he sphere is higher than that of the

surrounding ❑edium. The unprimed rays are incident light rays, and the primed

rays represerit those that are backecattered after some number of internal reflec-

ticms.
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